Objective-Anti-angiogenic therapies (AATs), targeting VEGF-VEGFR pathways, are being used as an adjuvant to normalize glioblastoma (GBM) vasculature. Unexpectedly, clinical trials have witnessed transient therapeutic effect followed by aggressive tumor recurrence. In preclinical studies, targeting VEGFR2 with vatalanib, increased GBM growth under hypoxic microenvironment. There is limited understanding of these unanticipated results. Here, we investigated tumor cell associated phenotypes in response to VEGFR2 blockade.
INTRODUCTION
Glioblastoma (GBM) is considered as hypervascular, hypoxic and most malignant form of glioma [1, 2] . GBM is most lethal during first year after initial diagnosis despite surgical resection, radiotherapy and/or chemotherapy [2] . Anti-angiogenic therapies (AAT) are being used as an adjuvant mainly against vascular endothelial growth factor and its receptors (VEGF-VEGFRs) in endothelial cells to normalize tumor vasculatures [3, 4] . Due to lower genetic instability in endothelial cells compared to in tumor cells, it was anticipated that targeting VEGF-VEGFR pathways, primarily in endothelial cells, would decrease tumor vasculature without imposing drug resistance. However, treatments provided minimal to none effect with no change in overall patients survival [3, 4] .
Similar data was obtained from preclinical studies. For example, VEGFR2 blockade in GBM through vatalanib, a receptor tyrosine kinase inhibitor, increased tumor size [5] through hypoxia mediated overexpression of VEGF, SDF-1α, HIF-1α, VEGFR2, VEGFR3 and EGFR at peripheral part of tumors compared to central part [6] . Activation of alternative pathways of angiogenesis, vasculogenesis and involvement of stem cells were observed following AAT in GBM [7] , which was associated with overexpression of bFGF, angiopoietin1/2, GCSF, and SDF1α [5] . Conventionally, tumor vessel formation occurs through angiogenesis, which is mediated by proliferation and migration of resident ECs [8] . However, at a cellular level, up-regulation of HIF-1α and SDF-1α by tumor cells [9] resulted into recruitment of CXCR4+ bone marrow derived cells (BMDCs) to the tumor [10] . BMDCs play a pivotal role in tumor development. Endothelial progenitor cells (EPCs) from BM pool are recruited in tumor microenvironment (TME) and contributed to vasculogenesis [10, 11] . Recently, we discovered that VEGFR2 blockade increased myeloid and angiogenic cell signatures that contributed to the increased vasculature [12] . CSF1R blockade identified host derived and ERK regulated CXCL7 as a mediator of myeloid cell response and antiangiogenic resistance [12] . Moreover, previous studies have reported the effects of VEGF-VEGFR blockade on development of endothelial cell-associated tumor vasculature and BMDCs mediated vasculogenic mechanisms [13, 14] . In addition to stroma associated mechanisms, tumor cell mediated mechanisms may contribute to AAT resistance.
Interestingly, we noticed that VEGF receptors are highly expressed in tumor cells and effect of VEGFR2 blockade on GBM tumor cells is largely unexplored. Therapeutic responses and treatment efficacies of AATs has been known to be affected by mutational burden and epigenetic alterations in tumor [2, 15, 16] . However, effect of VEGFR2 blockade on GBM associated mutational heterogeneity in tumor cells is poorly understood. Here, we investigated fate of VEGFR2 expression in human tumor cell lines (p53 and EGFR mutated versus wild-type) following anti-VEGFR2 treatment in GBM models. Anti-VEGFR2 induced nuclear translocation and chromatin bound VEGFR2 in GBM cell lines were associated with increased invasion, migration, cell cycle, and proliferation in p53 and EGFR mutated tumor cell lines compared to p53 and EGFR normal. Study supports that mutation status of the tumor in GBM patients should be taken in to consideration before applying targeted therapy to overcome unwanted effects.
METHODS

Ethics statement
Animal protocol (#2014-0625) was approved by Institutional Animal Care and Use Committee (IACUC) and Institutional Review Board of Augusta University. All efforts were made to ameliorate suffering of animals. CO 2 with secondary method was used to euthanize animals at the end of study.
Chimeric mouse and human GBM model
Human GBM in chimeric mouse was established and animals were treated with vatalanib as reported previously [12, 17] .
Cell culture study
Human GBM cell lines, U251 and U87 (differ in p53 and EGFR mutations) [18] , were cultured in high glucose DMEM supplemented with 10% FBS, 4.0 Mm L-Glutamine and 4500 mg/L Glucose (Thermo Scientific). Recombinant human VEGF (4ng/ml, Prospecbio, Israel) was added to culture media and treated with vehicle or vatalanib (10 μM). Culture flasks (normoxia (21% O 2 ), normoxia+ vatalanib, hypoxia (1% O 2 ) and hypoxia+ vatalanib) were incubated at 37°C and 5% CO 2 for 48 hours.
Immunohistochemical staining
Standard procedures were performed on tissues as well as smears of cultured tumor cells on glass slides, as recommended by VEGFR2 antibody supplier (Abcam, USA). Following IHC, nuclear staining of VEGFR2 was quantified blindly by two different investigators. Invasive tumor cells were analyzed using CD44 (Abcam) staining under a fluorescence microscope (Carl Zeiss).
Protein Array
Vehicle and vatalanib treated tumor protein, and in vitro cultured U251 tumor cell supernatant were collected for customized human cytokine array (Ray Biotech).
Western Blot Analysis
Cells were collected and processed for protein isolation using T-PER, (tissue protein extraction reagent) for tissue and Pierce RIPA buffer for tumor cells (Thermo Scientific, USA). Total protein was separated by Tris/Glysine/SDS gel electrophoresis. Membranes were incubated with primary antibodies against HIF1α (1:1000, R&D), VEGFR2 (1:1000, Abcam), phospho-P38, total-P38, phospho-ERK, total-ERK phospho-AKT and total-AKT (1:1000, Cell signaling), ID1 (1:1000, Biocheck, USA), β-actin (1:5000, Sigma), and HRPconjugated secondary antibody (1:5000, Biorad).
For nuclear translocation studies, tumor cells were collected after 48 hours of cell culture and proteins from sub-cellular compartments were prepared using protein fractionation kit (Thermo Scientific, USA). VEGFR2 (Abcam) were detected in all compartments. Each of the compartments had different loading controls (Abcam): cell membrane (HSP-60), Nuclear (Lamin A/C), chromatin (Histone H3), cytoplasmic and cytoskeletal (β-actin, Sigma). Western blot images were acquired by Las-3000 imaging machine (Fuji Film, Japan).
Cell viability by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay Individual well of a 96-well plate was inoculated with 100 μl of medium containing 5×10 4 cells. Cells were incubated in medium with 10μM concentration of vatalanib prepared in DMSO for 24 and 48 hours. MTT assay was performed as recommended by manufacturer (Roche, USA) Absorbance for MTT was measured at 570 nm by the ELISA Plate reader VICTOR3 (PerkinElmer, USA). Cell viability (%) for all groups was normalized to normoxia 24 hours sample. All experimental samples were run in triplicates and performed twice.
Reactive Oxygen Species (ROS) assay
U251 and U87 cell lines were cultured in regular culture conditions. VEGF was added, along with 10μM final concertation of ROS agent (Molecular Probes), and kept in 37°C for 30 minutes, allowing ROS agent to probe into the cell. After washing plates with 1X PBS cells were treated with vatalanib (10μM). Plates were allowed for 4-hour incubation at 37°C and fluorescent activity was acquired via fluorescence VICTOR3 (PerkinElmer, USA).
Apoptosis Assay
Vehicle and vatalanib treated U251 and U87 GBM tumor cells were harvested after 48 hours of culture under hypoxic and normoxic conditions. Cell apoptosis analysis was performed using CY3-annexin V and 7AAD cell labeling using apoptosis detection kit (BD Pharmingen, USA). Cells were harvested and labeled with CY3-Annexin V and 7AAD for 15 minutes in a dark place. Cell apoptosis distribution was analyzed using Accuri C6 machine (BD Biosciences).
Cell cycle assay
Vehicle and vatalanib treated U251 and U87 GBM tumor cells were harvested after 48 hours of culture under hypoxic and normoxic conditions. Cells were harvested and fixed in 70% ethanol at 4°C overnight. Cells were stained with propidium iodide (PI) (Biolegend, USA) solution at a final concentration of 50 μg/ml containing 50 μg/ml RNase A. Cell cycle data was acquired and analyzed using Accuri C6 machine.
Statistical analysis
Quantitative data was expressed as mean ± SD and analyzed through Student t-test using GraphPad Prism. Differences were considered statistically significant at p value <0.05.
RESULTS
Vatalanib treatment induced nuclear translocation of VEGFR2 in human GBM model
U251 tumor cells were orthotopically implanted in chimeric mice on day 0 and vatalanib treated from day 8 (established tumors) [12, 19, 5] . Vehicle and vatalanib treated tumor tissues were collected on endpoint (day 22) and processed for VEGFR2 IHC ( Figure 1A ). Vehicle treated tumors displayed mostly membrane bound VEGFR2 (yellow arrows). However, vatalanib treated tumors displayed significantly increased nuclear VEGFR2 (red arrows) compared to vehicle ( Figure 1A&B ).
As expected, HIF1α was increased under hypoxia compared to normoxia in both tumor cell lines. Surprisingly, HIF1α expression was decreased after vatalanib treatment in U251 and increased after vatalanib treatment in U87 under hypoxia. This could be associated with p53 mediated regulation of HIF1α [20] . Following vatalanib treatment, total VEGFR2 expression was increased under normoxia compared to vehicle in both cell lines. Hypoxia increased VEGFR2 expression compared to normoxia. ( Figure 1C ).
VEGFR2 expression in cellular compartments of tumor cell lines was analyzed. In U251 cells, VEGFR2 expression was lower in membrane compartment both in vatalanib and vehicle treated samples, under hypoxia compared to normoxia. The cytoplasmic compartment showed similar patterns as membrane compartment, in which hypoxia had lower expression, when compared to normoxia. Increased VEGFR2 was seen in cytoskeletal compartment in normoxia with vatalanib, when compared to normoxia and vehicle. No change in soluble nuclear compartment was seen. In chromatin bound compartment, vatalanib groups had a clear increase in expression, when compared to vehicle, both in normoxia and hypoxia ( Figure 1C ). The U87 cell lines had similar observations to that of U251 cells for the membrane compartment, except a significant decrease in vatalanib group in normoxia. We observed lower expression in cytoplasm compartment in both conditions, but no changes between treatments. The cytoskeletal compartment showed no changes, while there was an increase in vatalanib group under normoxia, in soluble nuclear compartment. We also observed an increase in expression in vatalanib group under normoxia in chromatin bound compartment ( Figure 1C ).
Immunocytochemical analysis of cultured U251 and U87 tumor cell smears showed increased nuclear expression of VEGFR2 in vatalanib treated normoxic cells compared to vehicle, except vatalanib treatment decreased nuclear VEGFR2 under hypoxia in U87 cells ( Figure 1D ).
Vatalanib treatment and cell viability
MTT assay was performed at 24 and 48 hours to evaluate the cell viability following vatalanib treatment at 10μM dose. Increased number of viable U251 cells were observed in 48 hours of vatalanib treatment under normoxia as well as hypoxia compared to 24 hours of vehicles. (Supplementary Fig. S1 ).
Vatalanib treatment induced cell cycle and proliferation
In U251 cells, vatalanib treatment did not alter G0/G1, S and G2/M phases under normoxia compared to vehicle treated group (56.4%, 23% and 14.5% versus 52.8%, 21.4% and 15.3%, respectively). However, vatalanib significantly increased G2/M phase under hypoxia condition compared to vehicle treated group (GO/G1, S and G2/M: 47.6%, 32.6% and 5.1% versus 49.3%, 29.3% and 14.1%, respectively) (Figure 2A) . In U87 cells, vatalanib treatment resulted into G0/G1 arrest under normoxia compared to vehicle treated group (GO/G1, S and G2/M: 50.6%, 22% and 20.1% versus 61.2%, 15.6% and 12.3%, respectively). However, vatalanib treatment did not alter G0/G1, S and G2/M phases under hypoxia condition compared to vehicle treated group (GO/G1, S and G2/M: 55.3%, 26.2% and 7.4% versus 53.9%, 24.1% and 9.2%, respectively). This clearly indicated that vatalanib increased the proliferation under hypoxia when compared to vehicle group (Figure 2A) . Vatalanib treatment increased phospho-ERK expression, which indicated active proliferation [21] , both in normoxia and hypoxia conditions in U251 cells. There was no change in phospho-ERK expression in U87 groups ( Figure 2B ).
Vatalanib treatment decreased apoptosis
Cells were grouped into viable, apoptotic and dead populations based on annexin V and 7AAD staining patterns on plot. Increased viable U251 cells and decreased dead cells were seen with vatalanib compared to vehicle treatment under normoxia with no change in apoptosis (viable: 18.2% versus 21.8%, dead: 12.2% versus 8.2%, apoptotic: 69.5% versus 69.8%, respectively). Surprisingly, significant increased viable cells and decreased apoptotic cells were seen with vatalanib treatment under hypoxia condition (viable: 37.9% versus 51.3%, apoptotic: 58.6% versus 46%, respectively) ( Figure 3A) .
In U87 cells, vatalanib compared to vehicle treatment under normoxia increased live cells (15.4% versus 19.8%) and decreased apoptotic cells (77.8% versus 66.6%). Similar trends were seen in vehicle versus vatalanib under hypoxia condition (viable: 37.5% versus 49.1%, dead: 5.7% versus 7%, apoptotic: 56.7% versus 43.4%, respectively) ( Figure 3A) . Further, we noticed decreased cleaved PAPR expression, which indicated reduced apoptosis, both in U251 and U87 cells under hypoxia compared to normoxia groups ( Figure 3B ).
Vatalanib treatment induced invasion and migration
Vatalanib induced chemokines and their receptors (EGF-EGFR, TGFβ1-TGFβR2, PDGFAA-PDGFRA, MMP2 and MMP9) in culture supernatant, especially under hypoxia ( Figure 4A ). These factors are known to be involved in invasion and migration of tumor cells. We investigated if ROS production has influence on cellular motility (39). In U251 cells, hypoxia showed higher ROS production than normoxia in vehicle group. In U87 cells, vatalanib compared to vehicle treatment decreased ROS production both in normoxia and hypoxia ( Supplementary Fig. S2 ). This could be partially associated with the decreased U87 cell motility. U251 cells were pre-treated with vatalanib for 48 hours and grown under normoxia for 12 hour, which showed increased cell migration compared to vehicle, as shown by scratch assay (Supplementary Fig. S3A ). No difference in migration was seen in U87 cells, when grown and treated similarly (Supplementary Fig. S3B ).
Vatalanib increased phospho-P38 and ID1 protein expression, indicating active invasion in U251 cells under both normoxia and hypoxia compared to vehicle ( Figure 4B) . In U87 cells, vatalanib decreased phospho-P38 expression under normoxia compared to vehicle. Vatalanib did not modulate P38 under hypoxia condition and resulted into complete loss of phospho-P38. ID1, an inhibitor of basic helix-loop-helix transcription factors, has recently been shown to be a key regulator of invasiveness and metastatic potential of cancers [22] . 1D1 expression was increased after vatalanib treatment under normoxia compared to vehicle. Hypoxia decreased ID1 expression, which did not modulate by vatalanib ( Figure 4B ). However, U87 showed upregulation only in normoxia. Hypoxia significantly decreased 1D1 expression in U87 cells.
Phospho-AKT has been reported to promote glioma cell survival [21] . Overall, p-AKT was upregulated in hypoxia compared to normoxia in both U251 and U87. Interestingly, vatalanib decreased p-AKT compared to vehicle under normoxia in U251 cells. No difference was seen under hypoxia. However, vatalanib increased p-AKT compared to vehicle under hypoxia in U87 cells ( Figure 4B ).
In addition, vatalanib treated tumor acquired mesenchymal features (CD44+) ( Figure 4D ). CD44+ tumor periphery was accompanied with band of GFP+ stroma in vatalanib treated tumors ( Figure 4C) . Recently, study reported that tumor aggressiveness is associated with CD44/c-Met signaling cascade [23] . Our study suggested that CD44 expression is associated with invasiveness following vatalanib treatment in U251 tumors.
DISCUSSION
Since GBM is hypervascular in nature, vatalanib, Sunitinib, etc. have been tested against VEGF-VEGFR pathway to control abnormal vasculature in clinical trials [7] . Unexpectedly, treatments were transitory and showed incomplete efficacy with enhanced tumor burden, causing therapeutic resistance [24] . Neovascularization is one of the hallmarks of drug resistance, when VEGF-VEGFR pathway was targeted in GBM [12, 19, 5, 3, 4] . In the present study, vatalanib was selected due to its demand in several past and ongoing clinical trials (https://clinicaltrials.gov). So far, studies reported the effect of VEGFR2 blockade on endothelial cell related vasculature in tumors. Current study is an attempt to show how AAT induced therapeutic resistance by enhancing cancer hallmarks using GBM as a model tumor and vatalanib as a model drug. Therapeutic responses are variable among GBM patients and animal tumor models due to genetic heterogeneity and differential mutational load, therefore, study was done with two GBM cell lines, which differ in mutation status.
We noticed that VEGFR2 was highly expressed in tumor cells, and we investigated the fate of VEGFR2 in tumor cells following vatalanib treatment in animal model and in vitro studies. Study provided evidence of AAT induced molecular and phenotypic reprograming of tumor cells into malignant cells, partly due to nuclear translocation of membranous VEGFR2 and chromatin regulation. Data indicated that vatalanib induced nuclear translocation of VEGFR2 may have critical role in invasion and proliferation hallmarks. Previously, study reported that VEGFR2, a major mediator of angiogenic effects of VEGF, was translocated to the endothelial cell nucleus in response to VEGF. VEGFR2 interacted with SP1 transcription factor at its own promoter (−300/−116, relative to transcription start site) to drive VEGFR2 transcription [25, 26] . This was further confirmed by blocking VEGF-VEGFR pathway using Bevacizumab and Sunitinib in endothelial cells, which blocked nuclear translocation of VEGFR2 [25] . Nuclear translocation of VEGFR2 was associated with cell cycle, endothelial cell growth and proliferation, cell movement etc. [25] . We anticipate that vatalanib induced VEGFR2 nuclear translocation in GBM tumor cells may have similar regulatory functions. However, we did not study in-depth regulatory mechanisms in this report.
We noticed vatalanib, which has broad range of tyrosine kinase inhibition, induced cell cycle and proliferation, decreased apoptosis and increased invasion and migration in U251 cells. However, these cancer hallmarks were induced differently by vatalanib and hypoxia in U87 cells, in part, due to genetic differences associated with these cell lines, especially p53 and EGFR mutations [18] . This data is supported by several failed clinical trials and preclinical studies involving AATs, where treatment initially showed decreased tumor volume but later displayed aggressive relapse. These reports suggest that GBM or grade IV astrocytoma is difficult to treat probably due to presence of mutational loads. On the other hand, some preclinical studies have reported the beneficial effect of several AATs. They selected human U87 cell line that does not reflect true features of GBM and have less mutational load [18] .
For example, SU1498, which is a different class of VEGFR2 inhibitor, abrogated VEGFR2 activity and inhibited vascular functions and signaling cascade in U87 and patient derived cells through suppressing FAK and MAPK ERK1/2 pathways [27] . In contrast, blockade of VEGF activity by Bevacizumab failed to recapitulate the impact of SU1498, suggesting that VEGFR2 -mediated neovascularization is independent of VEGF in U87 cells [27] . Similarly SU1498 treatment promoted apoptosis in U87 cells in culture [28] . VEGFR2 inhibition using monoclonal antibody (DC101) either alone or in combination with VEGFR1 monoclonal antibody/photodynamic therapy significantly reduced the tumor volume through increased tumor cell apoptosis and prolonged the survival time of U87 implanted animals [29] . The present study and previous data suggests that U87 model displays key dissimilarities to the U251 model and human GBM at the histopathological level [30] . In contrast with human GBM, tumor vasculature in U87 model displayed significantly homogeneous vessels, which favored better access of systemic drugs to the tumor sites, as discussed in above studies involving U87 cell line models [31] . Previously, we have modeled human GBM in preclinical studies with U251 tumors and found similar histological and therapeutic features as shown by failed clinical trials [12, 19] . However, preclinical use of patient derived xenograft for therapeutic studies will provide clear picture of variations associated with the therapeutic responses among individuals [32] .
In summary, vatalanib treated animals displayed distinct patterns of VEGFR2 translocation into nuclear compartment of tumor cells, which was associated with increased cell cycle and proliferation, decreased apoptosis, and displayed increased invasiveness or migration capabilities. Interestingly, U251 and U87 tumor cells showed variation in VEGFR2 nuclear translocation, cell cycle, proliferation, apoptosis, invasion, and migration probably due to differences in mutational status. Altogether, studies suggest that AAT-induced molecular and phenotypic alterations in tumor cells are associated with the mutational load and are responsible for therapeutic failures in GBM. Therefore, patients are required to group on the basis of mutation load to limit the AAT associated therapeutic resistance in GBM.
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